Apex predators directly and indirectly influence prey and predators at lower trophic positions (mesopredators). The lethal effect of apex predators on mesopredators is well documented, but they also could affect mesopredators in non-lethal ways. We investigated foraging decisions and perceived risk in the bat-eared fox (Otocyon megalotis), a small canid that is often killed by larger terrestrial carnivores and birds of prey. We used giving-updensity (GUD) experiments and observations of vigilance behavior to assess the influence of temporal, spatial, and anthropogenic factors on perceived risk in a population of bat-eared foxes at the Kuruman River Reserve, Northern Cape, South Africa. GUDs were higher during periods around the new moon and lower in the presence of researchers, suggesting that foxes are warier in darker conditions, but perceive an increase in relative safety in the presence of humans. Vigilance, however, did not vary with these same factors. Observational data revealed foraging success outside the experimental context did not differ with lunar period, implying that higher GUDs associated with new moons were not due to higher missed opportunity costs associated with foraging at patches. These results suggest that GUDs may be capable of detecting more subtle differences in perceived risk when compared to vigilance rates. We highlight the important considerations of using GUDs to examine perceived risk for a predatory species and emphasize that future studies using GUDs should quantify predators' risk-related decisions by documenting missed opportunity costs to determine the implications behind patch-use behavior.
Animal activity patterns vary across space and time in relation to resource availability (Engqvist and Richard 1991; Overdorff 1996) and level of predation risk (Lima and Dill 1990) . For prey species, predation risk is a strong driver of activity patterns through both lethal and non-lethal processes (Lima and Dill 1990; Lima 1998) . The non-lethal effects of predator presence are reflected in prey animals' resource exploitation (Périquet et al. 2010 ) and vigilance levels (Lima and Dill 1990; Liley and Creel 2008) . Much work has been done on perceived risk, which has been shown to operate at many scales (Lima and Dill 1990; Brown et al. 1999 ) from population (Tolon et al. 2009; Valeix et al. 2009; Kamler et al. 2013 ) to individual (Roberts 1996; Périquet et al. 2010) . Even fine-scale environmental features such as distance to cover (Lima and Dill 1990) , ambient light levels (Prugh and Golden 2014) , and observer effects (Tadesse and Kotler 2012) can lead to heterogeneous levels of perceived risk within any given habitat. The effects of environmental factors on perceived risk are not similar across taxa, often varying and dependent on the study species and site. For example, prey have been shown to exhibit greater levels of perceived risk in both open and closed habitats (Underwood 1982; Bowers et al. 1993; Schooley et al. 1996) , on dark new moon and well-lit full moon nights (Prugh and Golden 2014) , and with or without observers (i.e., the impact of a "neutral" human observer on animal behavior -Berger 2007; Tadesse and Kotler 2012; Nowak et al. 2014 ). This contrast hinders universal conclusions regarding perceived risk, highlighting that predator-prey systems are complicated and require, at the very least, consideration of aspects of both predator and prey behavior.
Most work investigating perceived risk has been conducted on prey species, while less work has investigated perceived risk in predators (but see Schmidt and Schauber 2007; Mukherjee et al. 2009 ). Top predators pose a threat not only to herbivores and basal prey species, but also to predators at lower trophic positions (mesopredators- Ritchie and Johnson 2009) . Mesopredators perform the role of a predator, but also face the threat of predation by larger carnivores (Kamler et al. 2012) . Previously, the majority of studies of mesopredators focused on their role as a predator, and the studies that did consider the effect of top predators on mesopredators generally reported lethal effects. More recently, the non-lethal effects that predators place on mesopredators have been investigated in detail and are seen as important in shaping the behavior and distribution of mesopredators (Kamler et al. 2013) .
Bat-eared foxes (Otocyon megalotis) are small canids that often coexist with a number of large predator species, and have been identified as a common victim in interspecific killings (Palomares and Caro 1999) . Lions (Panthera leo), leopards (Panthera pardus), wild dogs (Lycaon pictus), hyaenas (Crocuta crocuta and Hyaena brunnea), cheetahs (Acinonyx jubatus), martial eagles (Polemaetus bellicosus), black-backed jackals (Canis mesomelas), and caracals (Caracal caracal) have all been shown to kill bat-eared foxes (Mills 1984; Rasmussen 1996; Macdonald and Sillero-Zubiri 2004; Melville et al. 2004; Kamler et al. 2012 ). Additionally, predators are known to have non-lethal effects on the behavior and ecology of these small canids, including increased group size and increased homerange size in the presence of predators (Kamler et al. 2013 ). Although Kamler et al. (2013) demonstrated these larger-scale spatial and group dynamic effects, perceived risk of predation could also affect mesopredators at the individual level.
Giving-up-density (GUD) experiments can be used to examine perceived risk and utilize experimental feeding patches to quantify the harvest rate of a foraging animal when it leaves a patch, reflecting the foraging costs of a patch (Brown 1988; Kotler and Brown 1990) . A GUD is defined as the density of food remaining in a patch once a forager has stopped exploiting it (Brown 1988) , with less-depleted patches having a higher GUD and greater perceived risk, all else being equal. An individual forager should ultimately feed at a patch until its harvest rate no longer exceeds the sum of the energetic, predation, and missed opportunity costs of foraging (Brown 1988) . If the energetic costs and missed opportunity costs are constant, this approach can be used to measure the differences in the foraging costs of predation among patches (Brown 1988) .
Here, we investigate foraging decisions and risk perception for bat-eared foxes using an experimental GUD approach, complemented by behavioral observations to examine the influence of several environmental features on bat-eared foxes' perceived risk. As this species is a mesopredator, the same factors that lead to increased risk may also cause missed opportunity costs to increase (as prey may become more or less active); thus, we assessed variation in vigilance as well as GUDs. We hypothesized that new moon nights would result in higher GUDs due to a greater threat of predation, as shown in other nocturnal species (e.g., Biebouw and Blumstein 2003) , or due to increased hunting opportunities and greater prey availability on new moon nights (Price et al. 1984; Skutelsky 1996; Read and Moseby 2001) , which would increase missed opportunity costs at experimental patches. If GUDs are higher on new moon nights, increased vigilance over these same periods would support the increased risk of predation hypothesis, whereas greater out-of-patch foraging success (foraging away from experimental sites) and no or small increases in vigilance on new moon nights would support the increased hunting hypothesis. We hypothesized that microhabitat would have an effect on perceived risk (Bowers et al. 1993) . As cursorial predators (black-backed jackal) and birds of prey (e.g., martial eagle, Verreaux's eagle owl, Bubo lacteus) were potential predators in the area, we hypothesized that open areas would be associated with higher GUDs and higher vigilance. Finally, humans are typically seen as a threat to predators (Kaunda 2000; Sherwen et al. 2015) ; therefore, we hypothesized that in the presence of researchers, GUDs and vigilance would be higher.
Materials and Methods
Study site and subjects.-We studied a wild population of bat-eared foxes at the Kuruman River Reserve (KRR, 28°59′S, 21°49′E) in the southern Kalahari Desert, Northern Cape, South Africa. The reserve vegetation is classified as Kalahari Thornveld (Low and Rebelo 1996) , and the 3 predominant habitats are described as dry river-a largely open area with small clusters of black thorn (Acacia mellifera) and camel thorn (Acacia erioloba) bushes, dune areas scattered with perennial grasses (Aristida, Eragrostis, Schmidtia, and Stipagrostis spp.), and flat river terraces with expansive areas of driedoring (Rhigozum trichotomum) and perdebos (Galenia africana). The climate in this region is typically characterized by cold, dry winters (May-September) and hot, wet summers (OctoberApril). Between January 2015 and December 2015, the area experienced an annual rainfall of 282 mm (summer rainfall: 253 mm, winter rainfall: 29 mm), and a temperature range of −4.6°C to 41°C (summer average: 25.5°C, winter average: 14.8°C), based on weather data collected on site.
The bat-eared fox is a small (3-5 kg), mainly nocturnal canid with a diet consisting predominantly of insects, as well as some small vertebrates and fruits (Maas and Macdonald 2004; Klare et al. 2011) . These foxes form monogamous relationships and will forage either solitarily or with their partner. Although most large predators were absent from our study site in the Kalahari Desert, caracals, black-backed jackals, eagles, Verreaux's eagle-owls, and various dangerous snake species were present.
GUD experiment settings.-We performed foraging experiments combined with video observations of individual vigilance at experimental feeding patches to understand foraging decisions of foxes in response to perceived risk of predation. Before experiments began, researchers habituated foxes to experimental feeding patches for 10 days. Initially, we placed raisins (a preferred artificial food source, personal observations based on findings during habituation to humans) in experimental patches without an inedible matrix to encourage foxes to forage at patches. Following this, we steadily made the process of finding raisins harder by increasing the volume of inedible matrix (sand). We then created a 4 × 3 grid using galvanized wire over the top of feeding containers (80 × 291 × 404 mm), creating 12 openings of approximately 97 × 101 mm. Additional wire was run along the inside edge of feeding stations to stop sand from being expelled and to create diminishing returns to harvest rates when foxes fed (e.g., Shrader et al. 2008 ). We needed to ensure the task offered enough rewards to encourage foxes to forage at patches but make the task complex enough so that foxes did not exhaust all items, thus ensuring foxes "gave up." Ultimately, we filled containers with 6 liters of sand and mixed 15 raisins throughout the sand in a random manner. We used 16 experimental feeding patches to measure GUDs and patches were positioned > 50-200 m apart to standardize distances between patches. Researchers set experimental feeding patches at dusk (approximately 18:00) and counted the number of remaining raisins (from which we calculated proportion of raisins remaining) in each container every morning (approximately 07:30); these times coincided with peak activity of bat-eared foxes, and avoided interference by diurnal species. Additionally, we positioned camera traps (Bushnell Trophy Cam; Bushnell Co., Philadelphia, Pennsylvania, or Cuddeback Attack IR; Non Typical Inc., De Pere, Wisconsin) at each experimental feeding patch, set to record 60-s videos with 1-s intervals to 1) ensure that only the target species was feeding at these sites, and 2) record the vigilance behavior exhibited by foxes while using the feeding patch. Distances from feeding patches and angles of cameras were standardized across sites.
We recorded GUDs (proportion of raisins left) for a total of 40 days across 2 lunar cycles. To assess the effects of moonlight, we separated data into days that fell within a 5-day period of full moon, new moon, first quarter, and last quarter (the night of the lunar event and 2 days either side). This ultimately gave us GUD data for a total of 24 days. To assess microhabitat, we placed 4 experimental feeding patches under large bushes (> 1.5 m in height) and 4 patches in open areas (approximately 50 m from the nearest cover). We moved these experimental patches to new sites under the same conditions the following lunar cycle, giving a total of 8 experimental patches in the open and 8 patches under cover across the experiment. Additionally, we tested for the effects of presence of a researcher on the foraging costs of predation by comparing GUDs collected on nights where researchers were within a 300-m radius of experimental feeding patches repeatedly throughout the night, to nights where researchers were not present (cf. Nowak et al. 2014) . This was investigated post experiments, when it became apparent that during a number of GUD nights, researchers had been repeatedly in the area conducting other research (researchers were collecting other data and had not been positioned into the field to monitor GUDs). On these nights, 1 researcher was repeatedly in the area from dusk until dawn, once every couple of hours.
Behavioral data.-From the video recordings, we extracted the proportion of time spent foraging, the proportion of time spent vigilant, and the rate of vigilance (vigilant glances/min). Vigilance was defined as whenever a fox ceased foraging (or another mutually exclusive activity) and lifted their head with ears erect and forward to scan the area (Nel and Bester 1983) . We collected behavioral data from the moment foxes began interacting with experimental feeding patches until the foxes left the patch.
Additionally, to evaluate foraging success away from experimental patches, we followed individual foxes for 2 h once per week. Number of items consumed were recorded and used to estimate foraging rates (number of items consumed per minute) over full and new moon phases. Bat-eared foxes were habituated to observer presence and we were able to follow foxes on foot from a distance of 1-2 m when collecting behavioral data.
All protocols were assessed by the University of the Free State's ethical committee and were in accordance with the University of the Free State's ethical standards protocol under the ethical clearance number 11/2013. The Department of Nature Conservation approved all fieldwork under permit number 476/2/2013. All research conformed to guidelines of the American Society of Mammalogist (Sikes et al. 2016 ).
Statistical analysis.-All analyses were conducted in R (R Development Core Team 2014), using the package lme4 (Bates et al. 2015) . Data exploration was conducted based on the guidelines described in Zuur et al. (2010) . Model assumptions were confirmed by plotting residuals against fitted values, and versus covariates in the model and covariates not in the model (Zuur and Ieno 2016) . For all models, we used likelihood ratio tests (LRTs) to assess goodness of fit of the global model compared to the null model (intercept only with an identical random effects structure). All figures show mean values ± SEs unless stated otherwise.
We used generalized linear mixed-effects models (GLMMs) to assess the relationship between GUDs and spatial-temporal variables. We used a binomial error distribution with a logit link to model GUDs (i.e., proportion of raisins left at each experimental feeding patch each morning). We included the categorical variables microhabitat (cover versus open), lunar phase (full moon, new moon, and intermediate), and human presence (nights where researchers were repeatedly within a 300-m radius of experimental feeding patches versus nights where researchers were not present) as fixed effects, and site identity as a random effect. We had limited data for both waxing and waning periods (2 days for each period). As there was no significant difference in the number of raisins left between waxing and waning periods (Wilcoxon rank-sum test, W 22 = 71, P > 0.05), these were pooled into an "intermediate" category (defined as periods in-between full and new moon).
To assess how vigilance related to GUDs, we used a GLMM with binomial error distribution and a logit link with GUDs as the response variable. Proportion of time spent foraging, proportion of time spent vigilant, and vigilance rate were initially included in the models. However, proportion of time spent vigilant and vigilance rate were highly correlated so the least significant of the 2 was removed, leaving proportion of time spent foraging and rate of vigilance included in models as fixed effects. Site identity was included as a random effect.
We used GLMM to evaluate the effect of moonlight, cover, and human presence on vigilance rate. We used a Poisson error distribution and a log link to model the number of vigilance bouts, and the log of the total time was included as an offset. We included lunar phase (full, new moon, or intermediate), microhabitat (cover and open), and human presence (present or absent) as fixed effects and site identity as a random effect.
Mean foraging success over the full and new moon phases (n = 21 per moon phase) was assessed using a Wilcoxon ranksum test (as the data were not normally distributed).
results
We used a total of 155 GUD data points, as of the 192 GUD data points (8 experimental feeding patches per night for 24 nights) 37 were discarded from analyses either because bat-eared foxes did not visit the feeding patches (n = 28), or another species fed from the patch (n = 9). The average proportion of raisins left across all GUDs was 0.696 ± 0.267 (mean ± SD); 0.580 ± 0. = 79.017, P < 0.001) and researcher presence (χ 2 1 = 11.015, P < 0.001) had significant effects on GUDs. GUDs were higher over new moon periods (parameter estimate ± SE: 0.997 ± 0.112, P < 0.001; Fig. 1 ) and intermediate periods (0.439 ± 0.156, P < 0.01; Fig. 1 ) and lower on nights where humans had been present (−0.373 ± 0.112, P < 0.001; Fig. 2) . Microhabitat had no effect on GUDs.
Behavioral analysis.-When investigating the relationship between GUDs with foraging time and vigilance, a model including rate of vigilance and proportion of time spent foraging at patches was significantly better than the null model (χ 2 2 = 103.410, P < 0.001). Results show that GUDs increased as foraging time at experimental patches decreased (−2.124 ± 0.225, P < 0.001), but that there was no significant relationship between GUDs and rate of vigilance. A model assessing the link between moon, microhabitat, researcher presence, and vigilance rate as the dependent variable was not significantly better than the null model (χ 2 4 = 6.936, P > 0.05), indicating that none of these factors were good predictors of vigilance. Lastly, foraging rate (away from GUD experimental patches) did not differ between new and full moon nights (W 40 = 225, P > 0.05; Fig. 3 ). Foraging rate was 4.812 ± 4.789 on full moon nights (mean number of items consumed ± SD) and 3.931 ± 3.057 on new moon nights.
discussion
Our study highlights that bat-eared foxes demonstrate patchuse behavior that most likely reflects perceived risk. In line with our expectations, bat-eared foxes demonstrated higher GUDs during dark, new moon nights. In addition, our findings indicate that the presence of researchers resulted in lower GUDs and that microhabitat did not have implications for GUDs or vigilance.
GUDs were higher over new moon periods, translating to either greater perceived risk of predation over these periods, or that alternatively, these periods were associated with higher levels of prey activity. Observational data indicated foraging success was not affected by lunar phase, suggesting that missed opportunity costs did not differ with lunar phase. Although the activity levels of many bat-eared fox prey items such as moths, rodents, reptiles, scorpions, and other invertebrates (Price et al. 1984; Skutelsky 1996; Tigar and Osborne 1999; Read and Moseby 2001) have been shown to vary with lunar phase, this does not appear to impact the foraging rates of bat-eared foxes (whether positively or negatively). Therefore, we suggest that our results reveal variation in perceived risk and that bat-eared foxes perceive risk to be greater in darker conditions. Some studies suggest that well-lit, full moon conditions decrease the risk of predation for certain herbivorous prey species given that predators can be more readily detected and evaded (Biebouw and Blumstein 2003; Nersesian et al. 2012 ). This study suggests that the same factors may influence the risk perception of small mesopredators. It is important to note that the time of night may affect illumination by the moon, but was not considered in this study.
GUDs were significantly lower on nights when researchers were repeatedly within 300 m of experimental feeding patches. Human presence has been shown to alter animal's risk-taking decisions, as humans following habituated animals could be regarded by the study animals as providing some form of buffer against predation risk ("human shield" effect -Berger 2007; Nowak et al. 2014) . In South Africa, humans persecute both black-backed jackals and caracals due to livestock conflicts (Thorn et al. 2012) , resulting in increased wariness toward humans (Kaunda 2000) . Our presence may therefore have buffered against predation risk from these species. Isbell and Young (1993) demonstrated that leopards preyed less on vervet monkeys (Chlorocebus pygerythrus) when in the presence of humans. Likewise, Nowak et al. (2014) , who used a similar GUD approach, demonstrated that samango monkey's (Cercopithecus mitis erythrarcus) perceived risk of terrestrial predators was significantly reduced in the presence of humans. The observer effect detected here could be direct (foxes perceive risk to be lower in the presence of researchers) or indirect (the presence of humans may impact upon missed opportunity costs by influencing prey behavior). It is important to consider this may have influenced GUDs. However, we observed foxes eating the typical range of prey and the successful capture of larger prey items in our presence (Jacobs and le Roux 2016) . How perceived risk and prey behavior interact in the presence of observers could not be answered in this study.
Contrary to our hypothesis, there was no effect of microhabitat on perceived risk. We predicted that areas associated with more cover would be associated with lower perceived risk, as cover can decrease the probability of being detected by cursorial predators (Creel and Creel 2002) , and previous observations have reported bat-eared foxes retreating to thick shrub when evading predators (Mills and Hes 1997) . Cover has been shown to have both positive and negative effects, as cover can either conceal predators or shield prey. Mule deer (Odocoileus hemionus) have been shown to demonstrate higher levels of risk in open areas, which has been attributed to the greater hunting success of cursorial predators in these areas (Bowyer et al. 2001) . Conversely, cover can be associated with increased perceived risk due to decreased detection of predators (Underwood 1982; Schooley et al. 1996) . Bat-eared foxes have powerful auditory senses (Renda and le Roux 2017) and thus most likely rely primarily on hearing to detect predators. The nonsignificant effect of microhabitat could thus be due to the fact that hearing is not affected by lines-of-sight. Additionally, vegetation could offer foraging opportunities (S. Périquet and A. le Roux, pers. obs.) and therefore may not pose solely as a threat to foxes.
Previous studies have highlighted that spatial and temporal variation in the occupancy of intraguild predators can influence perceived risk (e.g., Berger and Gese 2007; Mukherjee et al. 2009 ). The presence and spatial distribution of intraguild predators may influence perceived risk in bat-eared foxes, but we did not quantify such effects at this site and assumed that, if present, the intraguild competition would be relatively homogenous across the site. Lastly, an aspect that was not explicitly investigated in this study is the effect of sociality on perceived risk. Previous studies have highlighted that the presence or absence of conspecifics can cause changes in perceived risk (e.g., Roberts 1996) . As bat-eared foxes form monogamous pair bonds, we expect that perceived risk may differ in the presence and absence of partners. This is a factor that we were unable to test with our data, as foxes appeared to be alone during GUD experiment footage and were generally alone during behavioral observations. Future research should assess the impact of sociality on perceived risk in bat-eared foxes.
This study demonstrates that, at least in our research area, perceived risk in bat-eared foxes varies with lunar phase and human presence. This site presents a relatively unique situation where foxes were habituated to human presence, and therefore care must be taken when comparing to systems where mesopredators are not habituated. Using a GUD approach for predators can be challenging, as foraging experiments rely on constant missed opportunity costs to assess fear. Without quantifying foraging success across different situations, the missed opportunity costs for predators may differ and results may therefore not represent perceived risk. However, here we demonstrate if missed opportunity costs are quantified, a GUD approach can detect subtle differences in perceived risk more readily than vigilance rates. If foraging success can be quantified to demonstrate constant missed opportunity costs, we recommend this method as a way to assess perceived risk in mesopredators. 
